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ABSTRACT: This paper reports an experimental and theoretical investigation
of the eﬀects of adding Fe to the perovskite strontium titanate SrTiO3. The
eﬀects include changes in the short-order range structure as well as in the
electronic and electrical properties. X-ray diﬀraction analysis reveals that the
SrTi1−xFexO3 network shrinks with increasing Fe content, while X-ray
absorption spectroscopy measurements of the Ti and Fe K-edge revealed the
presence of some under-coordinated TiO5 units created because of the partial
replacement of Fe3+ ions in the Ti4+ site. UV−visible absorption spectra
indicated a reduction in optical gap with increasing Fe content. The electronic
structure and spin densities of STFO with x = 0, 0.0625, 0.125, 0.5, and 1 are
calculated by the DFT method at the B3LYP computational level, showing a
Jahn−Teller distortion of O atoms surrounding the Fe as well as the formation
of under-coordinated TiO5 units. From the electrical viewpoint, the results
show that STFO is a mixed (ionic and electronic) conductor and that the
electronic contribution becomes dominant with increasing Fe content.
1. INTRODUCTION
Perovskites of the general formula A2+B4+O6− have attracted
widespread scientiﬁc and technological interest for several
decades because of their various functional properties. Its ideal
structure can be described as a network of corner-linked
octahedra. The smaller B-site ions occupy the corners of a cube
in 6-fold oxygen coordination forming BO6 octahedra, while
the larger A-site ions are positioned in the center of the cube in
AO12 coordination.
1 This structure is able to accommodate a
large variety of atoms with diﬀerent ionic radii and diﬀerent
valences in both the A and B sites2−4 without destroying the
original structure. Among the large family of perovskites,
strontium titanate (SrTiO3, abbreviated STO) is an important
semiconductor with highly valued properties, such as high static
dielectric constant and good insulation,5,6 luminescence
properties,7,8 and usefulness as an oxygen gas sensor,9,10
photocatalyst,11,12 or photoelectrode.13
Electronic conduction in perovskites depends mainly on the
crystal structure (e.g., type and number of ions, size, and
symmetry and distortion of the unit cell) and the micro-
structure features of the sample (usually the higher the number
of grain boundaries, the lower the conductivity). This
conduction occurs through the B-site network when these
sites are occupied by cations capable of adopting multiple
oxidation states (Ti4+/Ti3+, Nb5+/Nb4+, Mn4+/Mn3+, Fe3+/Fe4+,
etc). Electrons are generated by appropriate doping and/or by
exposing the materials to a reducing environment which strips
oxygen ions from the structure and subsequently reduces Bn+ to
B(n−1)+.
One well-known way to modify the electronic structure of
STO to tailor its properties is through electron doping,14,15
which can transform the intrinsically insulating STO to be
metallic. Other ways include introduction of trivalent rare-earth
ions in the A site (Sr site), or pentavalent transition-metal ions
in the B site (Ti site), or even by introduction of oxygen
vacancies. Essentially, oxygen vacancies, by introducing lattice
distortions and charge carriers, show a strong impact on
structural and electronic properties, such as phase transitions,
ionic conductivity, and resistance switching.16,17 STO doped
with transition metals18,19 and codoped by anion−cation pairs20
can absorb visible light because of the gap levels introduced by
the dopants to improve the photocatalytic eﬃciency of STO for
the production of hydrogen and oxygen through water splitting.
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Strontium titanate ferrite (SrTi1−xFexO3, abbreviated STFO)
solid solutions have attracted much attention for both scientiﬁc
and technological consideration.21−29 In STFO, replacing Ti4+
by iron as Fe3+ creates negatively charged defects
(FeTi′ ),24,27,29−31 which are compensated by the formation of
oxygen vacancies, leading to an increase in ionic conductiv-
ity.32,33 In the case of transition metal oxides, oxygen vacancies
are generally electron donors, and in STO, oxygen vacancies are
particularly important because they have a tendency to retain
high carrier mobilities, even at elevated carrier densities.34
The requirement for easy integration of this material into
electronic devices makes the synthesis of high-quality STFO
nanostructures interesting from both applied and fundamental
standpoints. Indeed, synthetic developments must be accom-
panied by an in-depth understanding of the eﬀects of the
chemical composition and size on the crystal nanostructure,
which ultimately determines their dielectric and optical
properties. Therefore, a thorough understanding of their
geometric and electronic structures is critical, and theoretical
investigations may greatly contribute to the design of novel
nanomaterials with enhanced performance and optimal
composition.
In the past, STFO solid solutions have been prepared using a
wide variety of methods.2,25,27,35−37 Brixner was the ﬁrst author
to synthesize the STFO solid solutions, using the solid-state
reaction procedure.33 It is well-known that development of
such reaction requires high temperatures for the sintering
process (around 1200 °C) and can produce ceramic powders
with chemical inhomogeneities and micrometric particles. The
development of innovative chemical processing methods that
allow lower preparation temperatures and improve homoge-
neity of compounds is highly desirable.
An alternative synthesis process, the polymeric precursor
method, has been intensively used for the synthesis of several
polycation oxides. The advantages of this method over the
solid-state reaction procedure are a low temperature (∼700 °C)
of crystallization, a high degree of control over the composition,
easy reproducibility and, especially, an ability to obtain particles
from nanometer to micrometer size.7 Our research group was
the ﬁrst one to synthesize STFO powders with nanometer-sized
particles by the polymeric precursor method.35 In an earlier
study, we described the synthesis procedure as well as the
eﬀects of Fe ions on the thermal and morphological properties
of STO nanoparticles.35 However, the eﬀects of Fe ions on the
conductance networks and the transport properties of STO
nanostructures remained unclear. These eﬀects are diﬃcult to
visualize and have not been explored by further theoretical
investigations. Taking into account speculation surrounding the
charge distribution and the increasing need for better control of
STO conductivity, enhancing our understanding of these eﬀects
is timely and relevant.
We undertook an investigation of the role of Fe ions in the
geometrical and electronic structures in STFO solid solutions,
employing a variety of experimental techniques including X-ray
diﬀraction (XRD), UV−visible absorption, X-ray absorption
spectroscopy, and electrical measurements, as well as ﬁrst-
principles calculations aimed at getting insight into the
geometric, electronic, and short-range order structural proper-
ties of these materials.
2. EXPERIMENTAL SECTION
2.1. Synthesis and Characterization Techniques.
SrTi1−xFexO3 (STFO) powders, where x = 0, 5, 10, 25, 50,
75, and 100 mol % Fe, were synthesized by the polymeric
precursor method. The details regarding the synthesis
procedure may be found in ref 35. The precursor powders
were heat-treated in a pure alumina crucible at 750 °C, at a
heating rate of 10 °Cmin−1, for 1 h (twice) in an electric
furnace under air atmosphere. Titanium and iron composition
were determined by energy-dispersive X-ray analysis (SEM/
EDX) in a spectrometer (Oxford, LINK ISIS300) that was
coupled to the scanning electron microscope (SEM, FEI-
Philips, model XL30-FEG), revealing that the Fe composition
was very close to the nominal contents, as shown in Table 1.
STFO samples were characterized by X-ray diﬀraction
(Rigaku, Rotaﬂex RU200B) with a monochromatic Cu Kα
radiation source. The data were collected in the 2θ = 20−80°
range with a 1° divergence slit, 0.3 mm receiving slit, 0.02° step
width, and 5 s point−1. The structure was reﬁned using the
Rietveld method38 and the General Structure Analysis System
(GSAS) package with the EXPGUI graphical user interface.39,40
UV−visible spectra of STFO samples were recorded using a
Cary 5G spectrometer in the total reﬂection mode in the 200−
800 nm region. The optical gap values (Egap) were estimated
using the Wood and Tauc method.41
X-ray absorption spectroscopy (XAS) experiments were
performed at the Brazilian Synchrotron Light Laboratory
(LNLS), using the XAFS2 beamline. The LNLS storage ring
was operated at 1.36 GeV and 160−250 mA. The Fe K-edge X-
ray absorption near-edge structure (XANES) spectra were
collected in transmission mode at room temperature using a
Si(111) double crystal monochromator. XANES spectra at the
Ti K-edge were recorded for each sample between 4950 and
5020 eV, while those for the Fe K-edge were recorded between
7050 and 7150 eV, using energy steps of 0.3 eV. For
comparison purposes among the diﬀerent samples, all spectra
were background removed and normalized using the ﬁrst
extended X-ray absorption ﬁne structure (EXAFS) oscillation as
unity. The average oxidation state of iron ions was estimated
from Fe K-edge XANES spectra and using the integration
method.42
Fe K-edge EXAFS spectra were recorded between 7100 and
7900 eV with energy steps of 2 eV, whereas EXAFS spectra at
the Ti K-edge were collected between 4880 and 5800 eV with
energy steps of 2 eV. The EXAFS kχ(k) function was weighted
with k3 before carrying out the Fourier transform (FT). A
Kaiser window (τ = 2.5) was applied to the k3χ(k)-weighted
data before FT. The R-range used for ﬁtting was between 0.92
and 1.99 Å (pure STO, x = 0.0) and between 0.99 and 1.99 Å
(STFO with x = 0.25). This range included only the ﬁrst
Table 1. Rietveld Parameters Extracted from XRD Data of
the STFO Samplesa
Fe content, x
(atom %)
lattice
parameter, a0
(Å)
amount of SrCO3
phase (%) χ2
RWP
(%)
0.00 3.91300(4) − 8.55 9.25
0.05 3.91157(4) − 9.32 9.25
0.11 3.91122(4) 4.31(2) 16.98 8.89
0.24 3.91220(2) 3.20(5) 9.62 6.60
0.50 3.90600(3) 1.80(5) 17.39 8.03
0.78 3.88958(6) 6.89(8) 13.73 7.43
1.00 3.86036(3) 0.47(6) 31.27 11.99
aχ2: quality of ﬁt. Rwp: considered proﬁle
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nearest-neighbor shell (Ti−O bonds), and the range in k-space
was 2.0−12.52 Å−1. XAS spectra were processed by the
multiplatform applications for XAFS code (MAX), and
theoretical spectra were calculated with the ab initio FEFF8.3
code.43,44
The calculated Fe K-edge EXAFS spectra were obtained
using, as a model, the structure based on the Rietveld
reﬁnement, with Fe atoms occupying two diﬀerent sites: Ti4+
or Sr2+. The structure model with Fe occupying the Ti4+ site
was generated by the CRYSTALFRREV program,44 in which
the neighbors were positioned in relation to the absorbing atom
as follows: 6 O atoms at 1.96 Å, 8 Sr atoms at 3.39 Å, 6 Fe/Ti
atoms at 3.91 Å, 24 O atoms at 4.37 Å, 12 Fe/Ti atoms at 5.53
Å, and 29 O atoms at 5.97 Å. For the structure model with Fe
atoms occupying Sr site, the neighbor atoms were positioned as
follows: 12 O atoms at 2.77 Å, 8 Ti atoms at 3.39 Å, 6 Fe/Sr
atoms at 3.91 Å, 24 O atoms at 4.79 Å, and 11 Fe/Ti atoms at
5.52 Å. The only ﬁtted parameter was a global Debye−Waller
factor of 0.014 Å2 for both calculated spectra.
In addition, electrical characterization of these materials was
performed to understand the role of Fe ions in the STO
network. For the measurements, STFO powders were
compacted into disk-shaped pellets and then sintered at 1400
°C for 2h. The ﬁnal density of each sintered specimen was
determined by the Archimedes’ method, and the values
obtained for all samples were >95% of the STO’s theoretical
density. The measurements were carried out with a Solartron SI
1260 impedance/gain-phase analyzer, from which conductivity
data were extracted in the 10 Hz to 1 MHz frequency range,
while the temperature was varied from room temperature to
200 °C. Electric contacts consisted of platinum (Pt) paste
previously diﬀused on both parallel faces of the pellets at 700
°C for 1h.
2.2. Computational Method and Periodic Model. The
calculations were carried out with the CRYSTAL09 program45
in the framework of the density functional theory (DFT) with
the hybrid functional B3LYP.46 This scheme described Fe, Ti,
Sr, and O centers as 86-411d41G, 86-411d41G, 97-641d51G,
and 6-31G*, respectively. The deﬁnition of core and valence
electrons for the valence basis set representing the Fe, Ti, Sr,
and O centers can be found at the CRYSTAL Resources
Page.47 The diagonalization of the Fock matrix was performed
at k-point grids in the reciprocal space, being the Pack−
Monkhorst/Gilat shrinking factor IS = ISP = 4. The thresholds
controlling the accuracy of the calculation of Coulomb and
exchange integrals were set to 10−8 (ITOL1 to ITOL4) and
10−14 (ITOL5), whereas the percentage of Fock/Kohn−Sham
matrices mixing was set to 40 (IPMIX = 40).45 The band
structures were obtained along the appropriate high-symmetry
paths of the Brillouin zone. A note of caution is mandatory
here: debate continues about the diﬃculty of obtaining accurate
property predictions for transition metal oxides (strong
correlated systems) from DFT calculations, and it is well-
known that DFT underestimates the value of the band gap.48
Despite attempts to use hybrid functional and dynamical mean
ﬁeld theory to treat the problem, DFT with the Becke 3-
parameter (exchange), Lee−Yang−Parr (B3LYP) functional
remains an appropriate choice.49,50
3. RESULTS AND DISCUSSION
3.1. X-ray Diﬀraction Measurements. X-ray diﬀraction
patterns of the STFO powders are displayed in Figure 1. All
samples were indexed as cubic perovskite structure in
accordance with Joint Committee on Powder Diﬀraction
Standards (JCPDS) Files 35-0734 and 40-0905. Some samples
also presented peaks assigned to the SrCO3 phase (at ∼ 25.2°
and 36.2°) (JCPDS File 05-0418). Nevertheless, we did not
observe any peak related to iron oxide phases, even for higher
iron content. These results conﬁrm that iron ions were
incorporated homogeneously into the STO network and that
solid solutions formed.
Rietveld reﬁnements were carried out with the initial model
using a cubic structure with Pm3m space group for the STO
phase and an orthorhombic structure with Pmcn space group
for the SrCO3 phase. As presented in Table 1, values of Rwp
between 11.99 and 7.43 and χ2 between 8.55 and 31.27 were
extracted from these reﬁnements across the analyzed patterns.
The values extracted for the lattice parameter a0 and the
amount of SrCO3 phase are also included in this table.
The inset in Figure 1 shows the variation of the lattice
parameter of the STFO samples versus Fe content. The lattice
parameter a0 varies signiﬁcantly only when x > 0.24, noting that
Vegard’s law51 was not obeyed. A similar behavior has also been
observed in STFO powder samples heat-treated in an oxidant
atmosphere.27,33,52
3.2. UV−Visible Spectroscopy Measurements. Optical
absorbance measurements of the STFO samples with x = 0.0,
0.11, and 0.5 are shown in Figure 2. Compared to the UV−vis
Figure 1. X-ray diﬀraction patterns of STFO powders. Inset shows the
variation of lattice parameter with Fe content.
Figure 2. Absorbance spectra of STFO samples with x = 0.0, 0.11, and
0.5. The inset shows the optical gap (Egap) with Fe content.
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp408839q | J. Phys. Chem. C 2014, 118, 4930−49404932
spectrum of an undoped STO sample, these spectra show a red-
shift toward higher Fe content. Adding iron to semiconductors
is an eﬃcient way to change the band gap to the visible spectral
region, a feature that is of interest for solar energy
applications.42,53,54 The inset of Figure 2 displays the optical
gap (Egap) values of the STFO samples obtained by the Wood
and Tauc method.41 It was not possible to estimate the Egap for
SrFeO3 (x = 1) because of the high absorbance which made the
UV−vis measurement infeasible.55 Egap decreases drastically
from 3.2 eV (pure STO, x = 0.0) up to 1.9 eV (STFO with x =
0.24) and then shows, toward higher Fe concentrations, no
signiﬁcant variation. This behavior may be associated with
replacement of Ti4+ by iron ions in the STO network, inducing
the formation of a new dopant energy level below the
conduction band.54,56,57 Menesklou et al reported that the
addition of Fe contributes to a broadening of the valence band
of STO, which extends closer to the conduction band edge, and
consequently reduces the band gap energy.36
3.3. X-ray Absorption Spectroscopy Measurements.
Four pre-edge transitions labeled A, B, C1, and C2 are observed
in the Ti K-edge XANES spectra of STFO samples, as shown in
Figure 3. Peak A is assigned to pure quadrupole origin due to
the 1s(Ti)→3d(t2g)(Ti) transition, whereas peak B is due to
the 1s(Ti) → 4p(Ti) transition, including some degree of
1s(Ti) → 3d(eg)(Ti) quadrupole contribution.
27 The over-
lapped peaks C1 and C2 are assigned to a dipole excitation of 1s
electrons to t2g and eg orbitals of the neighboring TiO6
octahedra.27,58,59
In recent years, our group has investigated the local structure
of diﬀerent amorphous and crystalline titanates, ATiO3 (A =
Ca, Ba, Sr) by using XANES spectroscopy.8,60−64 In these
studies, we found a relationship between the intensity of the B
peak and the local symmetry of the titanium atom.8,60−64
As observed in Figure 3, a smaller increase in the peak B
intensity and a modiﬁcation in the C1 and C2 peaks occur as the
Fe content increases. The increase in peak B intensity indicates
an increased disorder on the TiO6 units, probably due to partial
replacement of Ti4+ by iron ions. Furthermore, the
modiﬁcations in the C1 and C2 peaks reveal a large disturbance
in the neighborhood of TiO6 octahedra caused by the addition
of Fe.58
Ti K-edge EXAFS spectra of two representative STFO
samples, those with x = 0.0 and 0.24, were collected to obtain
quantitative local structural information around Ti atoms as the
amount of iron increased. The EXAFS spectra of these samples
and their respective Fourier transform (FT) curves are
presented in Figure 4.
The ﬁrst FT peak (∼1.5 Å) corresponds to the ﬁrst Ti−O
coordination shell, whereas the subsequent FT peaks observed
above 2.5 Å are related to contributions from Ti−(Sr, Ti, Fe)
interactions as well as multiple-scattering eﬀects, as shown in
Figure 4b. Quantitative information about the ﬁrst Ti−O
coordination shell (average coordination number N, Debye−
Waller factor σ2, Ti−O mean bond length R), was obtained by
considering only the ﬁrst FT peak. The EXAFS spectrum of the
ﬁrst coordination shell was obtained by an inverse Fourier
transformation. When the coordination number (N) was ﬁxed
as six and the Ti−O mean bond length and the Debye−Waller
factor were varied, the ﬁtting quality factor (QF) was not
suitable. When the N parameter was also left free to vary, even
for the undoped STO sample (x = 0.0), the QF factor was
satisfactory.
According to EXAFS ﬁtting results presented in Table 2, the
replacement of Ti by Fe atoms in the STO network causes a
slight reduction in the Ti−O bond length and in the
coordination number. We did not observe signiﬁcant change
in the disorder in the Ti−O bonds, i.e., the Debye−Waller
factor was not altered.
The XANES spectroscopy technique has been used to
determine the oxidation state of iron in diﬀerent compounds
Figure 3. Ti K-edge XANES spectra of STFO samples. The inset
shows a magniﬁed view of the pre-edge region.
Figure 4. Iron content dependence of the Ti−K EXAFS signal. (a) k3-
weighted EXAFS spectra of STFO samples with x = 0.0 and 0.24; (b)
Fourier transform magnitude of the EXAFS spectra displayed in (a).
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because of the dependence of the absorption edge position on
the iron oxidation state.65−68 We used the integration method
to determine the average oxidation state value of Fe ions.42 The
pre-edge peak A observed at the Fe K-edge XANES spectra of
the STFO samples and displayed in Figure 5a is related to the
1s(Fe) → 3d(Fe) quadrupole transition, while the shoulder B
corresponds to pure 1s(Fe) → 4d(Fe) dipole transition.27 The
Fe K-edge XANES spectra exhibit similar features, except for
the samples with x = 0.05 and 0.11, because of the lowest iron
content. The similarity among the pre-edge peaks reveals that
even when the Fe content is increased, the local coordination
around Fe atoms does not vary signiﬁcantly.
Figure 5b shows the calibration curve and the linear equation
used to determine the oxidation state of iron. The results
obtained are around 3.3, indicating the coexistence of Fe3+ and
Fe4+ oxidation states for all samples with a predominance of
Fe3+ ions; the Fe3+/Fe4+ ratio remains unchanged toward high
iron content. The presence of Fe3+/Fe4+ ions has also been
observed in STFO ﬁlms and powders prepared by pulsed laser
deposition69 and the solid-state reaction procedure, respec-
tively.30,70
To conﬁrm that iron ions occupy the Ti4+ site in the STO
network, we investigated the neighborhood around iron atoms
in a STFO sample with x = 0.24 by comparing its experimental
Fe K-edge EXAFS spectrum and the calculated EXAFS spectra.
Figure 6 shows the experimental and calculated EXAFS spectra
for such a sample as well as their corresponding Fourier
transform curves. As can be seen in Figure 6a, the calculated
EXAFS spectrum with Fe located at Sr sites is not compatible
Table 2. Structural Parameters Extracted from Ti K-Edge
EXAFS Data for STFO Samplesa
x (atom %) N σ2 × 10−2 (Å) R (Å) ΔE0 (eV) QF
0.0 5.5(3) 0.7(1) 1.958(4) 3.9(9) 0.1
0.24 4.7(5) 0.6(1) 1.946(7) 3.6(9) 0.9
aN, ﬁrst coordination shell neighbor number; σ2, Debye−Waller
factor; R, mean-length, Ti−O bond; ΔE0, variation of the energy
absorption edge in relation to the theoretical standard used in the
simulation; QF, quality factor.
Figure 5. XANES spectra at the Fe K-edge. (a) STFO samples; (b)
oxidation state of Fen+ ions for STFO samples determined using
integration method.18
Figure 6. Experimental and calculated Fe K-edge EXAFS signals of
Sr0.75Fe0.25TiO3 and SrTi0.75Fe0.25O3 samples (a) k
3-weighted EXAFS
signals and (b) the corresponding moduli of the Fourier transforms.
(c) Schematic model of the STFO crystal structure; O atoms in red, Ti
atoms in green, Fe atoms in wine, and Sr atoms in gray.
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with the EXAFS experimental spectrum from STFO with x =
0.24, whereas a good agreement is observed between the
experimental EXAFS and calculated EXAFS spectra when Fe
was located at the Ti site. In Figure 6b, the ﬁrst two peaks of
the experimental FT curve are in reasonable agreement with the
calculated curve with Fe atoms located at the Ti site.
On the basis of the Fe K-edge XANES and EXAFS ﬁndings,
we can state that iron occupies substitutionally the Ti4+ site,
causing an increase in local disorder around Ti atoms mainly
due to the replacement of Ti4+ by Fe3+, which induces the
development of oxygen vacancies, giving rise to some TiO5
structural units.24,27,28 Figure 6c shows a schematic crystalline
structure of the STFO compound based on XANES and
EXAFS results, where the presence of TiO6, TiO5−Vö complex,
and FeO6 units was considered.
3.4. Electrical Properties of STFO Samples. Figure 7a
depicts the frequency spectra of conductivity (σ) for some of
the STFO samples studied in this work. The other samples
were characterized by a similar behavior in the sense that, while
variable toward high frequencies, the conductivity turned out to
be frequency-independent at low frequencies, where direct
current (dc) conduction processes may be truly assessed. This
behavior conforms well to a dependence of the type σ(ω) = σdc
+ Aωn, which was proposed by Jonscher as the universal
dynamic behavior in dielectric media.71,72 The region toward
which the conductivity is dispersive (σ α ωn) showed a constant
shift toward higher frequencies with increasing Fe3+ content in
STFO. In this work, we were interested in appraising and
comparing the strength of the dc conduction processes in all
the STFO samples, the results of which are summarized in the
inset of Figure 7a.
The data reveal a clear increase of conductivity as Fe ions are
added to the STO network. We recall30,73 that undoped STO is
naturally a semiconductor, but with a wide band gap that
exceeds 3 eV; therefore, it is characterized by low
conductivities. Replacing Ti4+ by Fe3+ ions normally produces,
on the one hand, a decrease in band gap to around 2 eV and, on
the other hand, an increase in defect concentration, such as
multivalent Fe centers, electron holes, and oxygen vacancies
(Vö),
74 and the material turns out to be a mixed electronic (σe)
and ionic (σi) conductor. To understand the results depicted in
Figure 7a, it is worth remembering for reference that
conductivity satisﬁes an expression of the type σ = Nqμ,
where N represents the concentration of charge carriers, q the
charge value attributed to these carriers, and μ their mobility
throughout the dielectric medium. From the ionic viewpoint, in
terms of charge-carrier density contribution, notice that, unlike
what is seen in the inset of Figure 7a, a nearly linear
dependence of conductivity upon variation of Fe content would
be expected. This is because an increase of Fe3+ ions in the
STFO lattice implies a proportional rise in oxygen vacancy
defects, as a self-compensated Sr(Ti,Fe)O3−δ-like system will in
such a case form, following a reaction that can be proposed as
Fe2O3↔ 2FeTi′ + Vö + 3OOX, in which the electrical neutrality is
satisﬁed for [NFeTi′ ] = 2 [NVö]. Of course, the inﬂuence of the
mobility term has also to be taken into account. As was shown
in the inset of Figure 1, the STFO network shrinks with
increasing Fe3+ ion content, especially for x > 0.24. In other
words, mainly toward this composition range, the mobility of
such defects and, hence, ionic conductivity would be expected
to suﬀer a considerable reduction when Fe3+ ions are
introduced, owing to a decrease in the free volume available
for conduction.75 Notice that this is diﬀerent from the results
seen in Figure 7a inset. In fact, it seems unlikely that oxygen
vacancies in perovskite-structured titanate materials could lead
to the relatively high room-temperature conductivity values
observed in this system toward high Fe3+ ion concentrations.
This means that a contribution from the electronic mechanism,
mainly related to the presence of Fe3+/Fe4+ defects, should be
dominant in the results presented in Figure 7a for a STFO
system with moderate to high Fe content.
To further approach this issue, the strength of electrical
transport in these materials while varying temperature was
assessed, the results of which are depicted in Figure 7b for the
100 Hz data collected from some representative STFO
specimens. An Arrhenius-like graph was used, and linear
behaviors are observed at high temperatures, toward which the
ac data are predicted to reﬂect the results expected for the dc
conduction processes. For the weakly doped STFO materials,
this happens when the measuring frequency also becomes, with
rising temperature, located within the frequency-independent
conductivity plateau observed in Figure 7a.71 This means that
the high-temperature data from these materials can be ﬁtted
with a simple equation of the type σ = σo exp(-Ea/kT), where σo
is the pre-exponential factor, Ea the activation energy (related to
mobility), k the Boltzmann’s constant, and T the absolute
temperature. The following conclusions can be drawn from
Figure 7b: (1) the conductivity continuously increases with
temperature, a fact which excludes any metallic behavior
development for the STFO materials here prepared, and (2)
the activation energy (dashed lines-associated conductivity
Figure 7. Electrical transport properties of some representative STFO
samples: (a) frequency and (b) temperature dependences of
conductivity. The inset in (a) shows the variation of conductivity
with Fe content, and (b) is an Arrhenius-like graph.
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slopes) decreases with increasing Fe content. The Ea values
estimated from applying the above Arrhenius expression are
directly given in the ﬁgure.
The observed results are in accordance with literature in the
sense that bulk activation energies, estimated in STFO from
electrical measurements, have normally been found to scale
below 1 eV (i.e., below the corresponding band gap) and to
sensibly reduce with rising Fe3+ ions in STFO, especially for x >
0.05.76 Both facts are ascribed to energy states created in the
band gap by the defects, giving rise to an electronic
conductivity that develops together with the ionic conductivity
when Fe3+ is added to the STO network. This statement also
remains in good agreement with some electrical results from
literature,77,78 showing values of transfer number, t = σe/
(σe+σi), approaching unity (i.e., σe > σi) in STFO solid
solutions with increasing dopant content. In summary, our
results in Figure 7a,b reproduce well the usual picture of a
composition-dependent electrical property proﬁle in STFO in
which conductivity values for x < 0.1 were really low (higher
barrier energy) compared with the strength of conduction for x
> 0.1 (lower barrier energy). It is timely to point out here that
the reduction of the rate of conductivity increase noted in the
inset of Figure 7a toward the highest STFO compositions is
most likely a consequence of reduction in ionic mobility and
corresponding conductivity contribution because of the
aforementioned lattice shrinkage eﬀect (Figure 1 inset). It is
not clear whether probable formation of associated defects,37
having the eﬀect of limiting the number of charge carriers (e.g.,
electrons and holes) available or free for conduction, could also
be contributing to this conductivity rate reduction.
3.5. First-Principles Calculations of STFO Samples. We
employed the periodic supercell technique to investigate the
properties of the STFO solid solutions and Fe4+ ions with a 3d4
electronic conﬁguration. Initial calculations substituting Fe in
both the Sr or Ti sites have been performed, the most stable
system being that of Fe replacing Ti, in good agreement with
Fe K-edge EXAFS results. For the studied STFO compositions,
we explored three diﬀerent spin states for each Fe4+ ion, i.e.,
high-spin (quintuplet), low-spin (triplet), and closed-shell
(singlet), whereas for the STO we calculated only the singlet
and the triplet states. A full optimization of the geometry was
performed to determine the trends in electronic (band
structure and density of states) properties of an STFO system
with diﬀerent Fe contents, namely, x = 0, 0.0625, and 1.
For x = 0.0625, a fcc supercell of 80 atoms was employed.
The most stable spin states are singlet, triplet, and quintuplet
for x = 0, 0.0625, and 1, respectively. A full optimization was
carried out for x = 0, 0.0625, and 1 considering the optimized
cell parameters equal to 3.8783 Å for SrTiO3 (x = 0.0), 3.8724
Å for STFO (x = 0.0625), and 3.8690 Å for SrFeO3 (x = 1.0).
The theoretical calculations indicate that the presence of Fe in
the STO network produces a local distortion around the Fe
site. The diﬀerence in energy between triplet and quintuplet
states is low: 0.13 eV. In both states we found an asymmetrical
relaxation of the six nearest oxygen atoms surrounding the iron
atoms due to the Jahn−Teller eﬀect, and this was more
pronounced in the quintuplet state. This ﬁnding agrees with the
calculations of Blokhin and co-workers23 and Evarestov and co-
workers17,28 performed at the PBE0 level using the same
supercell to simulate the STFO system with x = 0.0625 and
0.125 in the high-spin Fe4+ state. In this spin state, they also
found that full optimization reduces the symmetry from cubic
to tetragonal.
The results show that in the quintuplet of STFO sample with
x = 0.0625, the Jahn−Teller eﬀect generates four similar
distances (two of 1.870 Å and two of 1.882 Å) and two longer
distances of 2.200 Å, and a slight tetragonality appears. The
spin density, depicted in Figure 8, is located mainly in the Fe
atom (3.42), and the nearest O atoms basically complete the
total spin density with residual values. The triplet state leads to
the same arrangement of O atoms surrounding Fe but with
slight Jahn−Teller distortion: two Fe−O distances of 1.889 Å,
two of 1.901 Å, and two slightly longer distances of 1.922 Å.
The spin density essentially located in the Fe atom is 1.94, and
in this case the symmetry remains cubic. Note that in the
centrosymmetric perovskite structure, the Fe(Ti)−O distances
are equal to 1.939 Å when the lattice parameter is 3.878 Å. As a
consequence of this distortion around the Fe atom, some Ti
atoms manifest an under-coordination to form TiO5 units
according to Ti K-edge XAS spectroscopy measurements. The
quintuplet of STFO with x = 0.0625 shows three TiO5 units
with ﬁve Ti−O distances in the range of 1.90−1.94 Å, and
another longer distance of ∼2.0 Å. However, the triplet of
STFO shows one TiO5 unit with ﬁve Ti−O distances in the
range of 1.92−1.94 Å and another longer distance of ∼1.98 Å.
The computed values of the band gap energy of the studied
systems using the optimized cell parameters are the following:
undoped SrTiO3 presents an indirect gap from R to Γ of 3.766
eV, close to the direct gap at Γ of 3.783 eV. Pure SrFeO3
tended to reveal itself to be conductor-like; however, according
to the electrical results presented in Figure 7b, a nonmetallic
behavior for this material is to be concluded, which is in good
agreement with its mixed (ionic and electronic) conducting
characteristics, as reported elsewhere.79 Band structure and
projected density of states on atoms and orbitals of the triplet
of STFO with x = 0.0625 are shown in Figure 9a. As in the case
of pure STO (x = 0.0), the top of the valence band is mainly
formed by O 2p orbitals and the bottom of virtual bands
predominantly consists of Ti 3d states. The inclusion of an Fe4+
impurity in the perfect crystal changes the band structure and
DOS considerably. The main diﬀerence produced by the
incorporation of Fe is the appearance of four localized states
related to the Fe 3d levels in the interior of the band gap (near
the conduction band). The β contribution to the lowest
conduction band is mainly due to Fe 3dxz states, while the
upper α contribution is formed basically by Fe 3dx2−y2 orbitals.
Figure 8. Spin-density map projected in a plane which contains an Fe
atom and the nearest O atoms for the optimized quintuplet STFO
with x = 0.0625.
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Thus, the triplet of STFO with x = 0.0625 presents an indirect
gap β−β from X to Γ of 2.94 eV, the direct gap being at Γ of
2.99 eV, with a considerable decrease in undoped STO.
In the quintuplet of STFO with x = 0.0625, the incorporation
of Fe also generates four localized states in the vicinity of the
conduction band, but in this case the lowest of them has an α
character, according to Blokhin.23 Band structure and projected
density of states on atoms and orbitals of the quintuplet of the
STFO with x = 0.0625 are shown in Figure 9b. As in the triplet
of STFO, the β contribution to the upper bands appearing near
the conduction band is mainly due to Fe 3dxz states. However,
there is an indirect gap α−α from L to Γ of 2.13 eV, with a
considerable decrease in undoped STO and triplet of STFO.
The α contribution to the lowest localized state near the
conduction band is mainly due to O 2px orbitals and, in a minor
rate, Fe 3dz2 orbitals. The maximum of the valence band is
composed by a localized state with α character formed basically
by O px and Fe 3dx2−y2 contributions.
Finally, during discussion of the results arising from this
study, we found it interesting to also perform some calculations
for the STFO system with x = 0.125 and 0.5. Also in these two
cases, a supercell of 80 atoms was built up for such a purpose.
Accordingly, 2 of the 16 Ti atoms were substituted (by Fe) for
the case of x = 0.125 and half of the Ti atoms (i.e., 8 atoms) for
that of x = 0.5. Several possible Fe positions were analyzed in
both cases and, for the most stable conﬁgurations we found, the
electronic band structure was calculated. The results are as
follows: (1) The system with x = 0.125 (a = 3.9197 Å) has an
indirect gap (β) X → Γ of 2.51 eV if the two Fe atoms are in
triplet state, being the direct gap (α→ β) at Γ = 2.71 eV; when
the two Fe atoms are in quintuplet state, the system tended to
reveal itself to be conductor-like. (2) The last observation also
applied to x = 0.5 (a = 3.8964 Å) for both spin states (i.e., all 8
Fe atoms either in triplet or in quintuplet states). Band
structure and projected density of states on atoms and orbitals
of the triplet and quintuplet for x = 0.125 structure are shown
in Figure 9c and 9d, respectively. As in the triplet of STFO with
x = 0.0625, the incorporation of two Fe atoms generates four
localized states in the vicinity of the conduction band, related to
the Fe 3d levels. According to the electrical results presented in
Figure 7b, once again, it is to be expected that these materials
actually involve nonmetallic behavior or characteristics.
In summary, one of the important results of interest in the
context of this study is that the electronic structure and spin
densities of the STFO quintuplet calculated by the DFT
method, at the B3LYP computational level, show a Jahn−Teller
distortion of O atoms surrounding Fe as well as the formation
of under-coordinated TiO5 units. In particular, there is a
decrease of the energy gap in STFO with the increase of Fe
percentage (from about 3 eV to a value around 2 eV); for x ≥
0.125, the system is intrinsically semiconducting.
3.6. Final Remarks Applying for Future Works. It is
clear that a complete structural and electronic picture of these
STFO materials, including full optimization of atomic positions,
presupposes achievement of further computational approach by
considering a larger number of compositions. Nevertheless, this
Figure 9. Band structure (α bands in solid line and β bands in dashed line) and projected density of states on atoms and orbitals of STFO for (a) x =
0.0625 at triplet spin state, (b) x = 0.0625 at quintuplet spin state, (c) x = 0.125 at triplet spin state, and (d) x = 0.125 at quintuplet spin state. The
selected k points are Γ (0 0 0), L (1/2 1/2 1/2), X (1/2 0 1/2), W (1/2 1/4 3/4), X′ (0 1/2 1/2).
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work has presented, in a correlative fashion, the general trends
observed on local structure and electronic and electrical
properties caused by addition of Fe to STO. Considering the
potential widespread application of such materials in
electronics, including sensor devices, it would also be
interesting in future works to check how external factors such
as oxygen pressure, atmosphere humidity, etc., also aﬀect the
relationship between local structure and electronic and
electrical properties in STFO, depending on composition.
Finally, it is worth mentioning that future approaches on STFO
characteristics should also consider analysis of their magnetic
properties, provided that the replacement of Ti4+ by Fe ions
generates magnetic impurities. Such an investigation is expected
to allow the addressing of important issues such as whether the
electrons in the magnetic impurities are localized or delocalized,
whether the material is magnetic or nonmagnetic, and how
strongly this fact depends on the number of Fe ions present as
magnetic impurities.
4. CONCLUSIONS
In summary, a systematic experimental and theoretical
investigation of the eﬀect of Fe ions on local structure and
electronic and electrical properties of STO was performed. Ti
K-edge X-ray absorption spectroscopy revealed the presence of
some under-coordinated TiO5 units beyond distorted TiO6
octahedral linkage caused by the addition of Fe. On the other
hand, Fe K-edge XAS spectroscopy also showed that iron ions
in STFO present a mixed Fe3+/Fe4+ oxidation state and occupy
preferentially the Ti4+ site. In consequence, to meet electrical
neutrality, oxygen vacancies should form. Presence of both
defects (i.e., FeTi′ and Vö) causes, ﬁrst, development of under-
coordinated TiO5 units together with a decrease in STFO
optical gap and, second, an increase in STFO electrical
conductivity. However, the latter was revealed to be dominated
by an electronic contribution toward moderate and high Fe
content. This is because the estimated barrier energy decreased
with increasing Fe content, moving far from 1 eV (a value
toward which ionic conductivity is characteristic in such
materials). Considering that the values of these barriers fell
well below those corresponding to the band gap, this electronic
contribution is to be ascribed to creation of energy levels within
the band gap.
First-principles calculations were carried out to complement
the experimental data, showing that doping with 6.25% of Fe
generates a Jahn−Teller distortion of O atoms surrounding Fe
as well as the formation of under-coordinated TiO5 units. The
corresponding band structure shows the appearance of four
localized states related to the Fe 3d levels in the interior of the
band gap near the conduction band, leading in fact to a
considerable decrease of the band gap with regard to pure
SrTiO3. With the increase of Fe percentage to x > 0.125, the
STFO system was shown to transit from intrinsically insulating
to pseudoconducting, to be here understood as intrinsically
semiconducting, in line with the conclusions derived from both
the optical (UV−vis) spectroscopy and electrical measure-
ments.
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CTQ2009-14541-C02, Programa de Cooperacioń Cientiﬁ́ca
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